For decades, disruption of the bilateral symmetry of body structures has been related to underperformance and, hence, to fitness. In fish, this concept coupled with the claimed evidence for increased fluctuating asymmetry (FA) of pairs of hard structures, such as otoliths under conditions of stress, has led to the use of otolith FA (OFA) as a proxy for individual fitness and population success. Interpreting those significant differences in OFA in relation to stress-inducing environments and using them to identify suboptimal conditions for survival is especially appealing in the context of, for example, assessing climate change using historical otolith collections. Despite several works that give evidence to support the usefulness of OFA approach, we report on a number of unpublished and published datasets from a wide range of both, wild populations and experimental designs that show no correlation between OFA and any of the usual indicators of fitness or between OFA and expected stress gradients. Our results suggest that there may be a strong bias in the published literature towards positive relationships, despite the enormous importance of negative results for understanding the significance of OFA. These results might shed light on the interpretability of OFA in both laboratory and field studies.
Introduction
The development of paired body structures in bilateral symmetrical organisms may deviate from the ideal pattern (i.e. the genetically designed likeness between right and left structures) under different environmental or genetic stressors (Graham et al., 1993; Vøllestad and Hindar, 1997) . Developmental instability can be defined as the inability to reach this ideal pattern during development (Zakharov and Graham, 1992) . Although developmental instability is not directly observable, paired structures present in bilaterally symmetrical organisms offer the opportunity to measure departures from perfect symmetry, and the differences between the sides, known as asymmetry, may be used to interpret the divergence from the ideal form (Palmer and Strobeck, 1986) .
There are three types of asymmetry or deviations from perfect symmetry that are characterized by different combinations of mean and variance of the distribution of some measure of the difference between the right (R) and left (L) structure (Palmer and Strobeck, 1986; Palmer, 1994) . Directional asymmetry occurs when there is a consistent bias towards one of the sides, resulting in a distribution with a non-zero mean, as examples the morphological asymmetry in flatfish, R always ,L or vice versa or the differences in otolith microchemistry between sides (Loher et al., 2008; Kajajian et al., 2014) . Antisymmetry occurs when there is a difference between the sides of an individual, but the direction of the asymmetry varies randomly among individuals, which results in a bimodal distribution (e.g. the signalling claw of fiddler crabs R , L or R . L). Fluctuating asymmetry (FA) which has a normal distribution with mean zero and deviations to each side are considered as differences from this ideal symmetrical form Strobeck, 1986, 1992; Palmer, 1994) . It is expected that developmental instability would be positively correlated with environmental stressors, thus FA, as a measure of the divergence from the ideal pattern, has been used for the past few decades as a negative proxy for developmental instability and fitness, i.e. more fit organisms are expected to show less FA.
Examples of the use of FA as a measure of fitness can be found in a wide range of organisms from insects to humans but not always with the expected results (reviewed Palmer, 1992; Polak and Trivers, 1994; Lens et al., 2002) . Focusing on fish, there is a lack of consistent results when comparing several external meristic and morphometric characters (e.g. pectoral fin rays, gillrakers, pelvic fin rays, or lateral line scales, among others, see Valentine et al., 1973; Allenbach, 2010) . The comparison of internal inert structures, such as otoliths, has provided even more controversial results: otolith FA (OFA) in sagittal otoliths has been usually studied in early stages of fish (but see Kristoffersen and Magoulas, 2009) , because their growth rates are faster, their capability to tolerate stress is lower, and the link between growth performance and fitness is stronger (e.g. Anderson, 1988; Houde, 1989) . The number of significant inverse relationships between OFA and performance (a proxy for fitness) is relatively high (Alados et al., 1993; Escó s et al., 1995; Somarakis et al., 1997a; Franco et al., 2002; Grønkjaer and Sand, 2003; Gagliano et al., 2008; Lemberget and McCormick, 2009) . Recently, non-significant results have become more common in the literature (Folkvord et al., 2000; Fey and Hare, 2008; Kristoffersen and Magoulas, 2009; Munday et al., 2011a, b; Maneja et al., 2013; Novak et al., 2013) , but the danger of a bias towards publication of positive correlations has been pointed out (Palmer, 1999; see Palmer et al., 2010 and references therein) .
The controversial use of OFA is further overshadowed by several varied techniques that have been employed over the years, and comparability of results across techniques is dubious. The more widely used methods are based on univariate analyses of direct measurements, such as maximum otolith radius, perimeter, or otolith area (Somarakis et al., 1997a) ; maximum length and width (Alados et al., 1993) ; or weight (Alados et al., 1993; Lychakov and Rebane, 2005) . Other popular analyses have been based on the ratio between right (R) and left (L) otolith radius (Folkvord et al., 2000) . Multivariate techniques also have been used on otolith shape descriptors, such as fast Fourier analysis (e.g. Gagliano and McCormick, 2004; Gagliano et al., 2008) . Geometric morphometry has also been used to compare R and L otoliths (Palmer et al., 2010) . In these analyses, otolith shape is decomposed into a number of shape descriptors, which may be derived either from Fourier decomposition of the outline or from the methods developed by landmark-based geometric morphometry (Rohlf and Marcus, 1993) . In both cases, the shape of an otolith is described by a vector, and left -right differences are evaluated using multivariate analysis (see Palmer et al., 2010, for details) .
Independently of these diverse methodologies, the use of OFA is thought to be of interest in fisheries management. For example, it could provide a measurement of past individual and population fitness because it can be measured from historical collections of otoliths. In this context, a posteriori quality control of assessment failures linked to stock collapses could inform and improve future management decisions. Similarly, assessing current fitness status at the individual or population level is sometimes complicated, and OFA could be an alternative, more affordable approach. Another potential application of OFA is stock differentiation (Palmer et al., 2010) . Thus, in the case that OFA-fitness or OFA-stress relationships were robust, OFA could be routinely included in the tool-kit for stock assessment.
In this study, we present 11 case studies (CS), only one of which has been published (Maneja et al., 2013) , from both natural populations and experimental studies (laboratory and mesocosm) in which FA in sagittal otoliths was measured. In these studies, we tested if there was a relationship between OFA and different proxies for fitness, under a wide range of stressors including starvation, natural predatory field, and ocean acidification, among others. We include examples from different temperate fish species and life history stages (from larvae to adults) covering a wide range of experimental designs, to test the hypothesis that OFA can be used as an indicator of stress.
Material and methods
For the sake of simplicity, a short description of the methodology used in each experiment is provided to better understand the underlying hypothesis being tested. CS are divided in three blocks, natural populations, mesocosm, and laboratory experiments (Table 1) .
Ethical guidelines
All experimental laboratory or mesocosm studies based on live animals complied with the prevailing national laws for ethical treatment of experimental animals at that time. For these experiments, individuals were euthanized by an overdose of anaesthesia (tricaine methanesulphonate or MS-222) and all efforts were made to minimize suffering. CS 1, 4, and 5 were carried out at the University of Texas Marine Science Institute (MSI) (Port Aransas, TX, USA) under the Institutional Animal Care and Use Committee (IACUC)-approved Animal Use Protocols AUP-2013 -00083, AUP-2011 -00039, AUP-2013 -00041, AUP-2013 -00155, and AUP-2012 . CS 2 and 3 were conducted at Espegrend Marine Station from the University of Bergen (Norway) using the animal experimentation permit ID2346, which was approved by the national regulatory Committee on the Ethics of Animal Experiments under the Norwegian Animal Welfare Act (LOV 2009-06-19 nr 97: Lov om dyrevelferd). CS 6, 7, and 8 were carried out at the Laboratory of Marine Research and Aquaculture (LIMIA) from the Balearic Government (Port d'Andratx, Balearic Islands, Spain) in strict accordance with the recommendations from the Directive 2010/63/UE, and in strict compliance with the Spanish law (RD53/2013 , BOE n. 34, 8 February 2013 Laboratory, mesocosm, and field CS CS 1. Atlantic croaker (Micropogonias undulatus) juveniles under three different diets Eggs were collected from natural spawns of captive Atlantic croaker broodstock at the MSI. The eggs were hatched in 150 l conical tanks and, thereafter, larvae were fed with enriched rotifers (Brachionus plicatilis) and Artemia at increasing densities (0.25-2 ml 21 ) as fish grew. Upon reaching juvenile size, fish were weaned onto a marine dry pellet feed (Otohime from Reed Mariculture, Campbell, CA, USA) until reaching experimental size (TL ¼ 110 + 10 mm TL, TW ¼ 17 + 5 g) and then randomly assigned to 1 of 12 350 l experimental circular tanks. Experimental treatments included "low" (32% protein; 5% fat) and "medium" (45% protein; 12% fat) quality diets, which contained lower protein and lipid content than the control "high" (48% protein; 15% fat) quality diet. Each treatment included four replicate tanks, with eight fish sampled at days 8, 18, 32, 52 and 104 (n ¼ 40 per treatment group). Fish were humanely euthanized; sagittal otoliths were extracted, cleaned, air-dried, and weighed to the nearest 0.001 g. Unsigned FA in otolith mass was calculated as the absolute value of the difference between right and left otoliths divided by their arithmetic mean (|R2L|/mean of R and L). The hypothesis in this experiment was that the high-quality diet would produce better growth and fitness and therefore more symmetrical otoliths than the low-quality diet.
CS 2 and 3. Atlantic cod (Gadus morhua) and Atlantic herring (Clupea harengus) larvae under ocean acidification conditions A land-based mesocosm experiment was conducted in March to May 2010 at the University of Bergen's Espegrend Marine Station (Norway) to investigate the influence of elevated pCO 2 on the calcification process of otoliths of Atlantic cod and Atlantic herring larvae (Maneja et al., 2013; Frommel et al., 2014) . Both species were co-reared in 2300 l, flow-through experimental tanks at a stocking density of 4 larvae l
21
. Three levels of pCO 2 treatments (control-370, medium-1800, high-4200 matm) with three replicates were implemented. The carbonate chemistry of the experimental tanks was controlled by bubbling CO 2 into the bottom of the tanks through a computer-controlled system. The larvae were fed daily with fresh and appropriately sized zooplankton filtered over 24 h from the adjacent fjord. Sampling was carried-out eight times during the experiment (15 -29 individuals per group and day), which corresponded to the following ages of Atlantic cod : 7, 11, 14, 18, 25, 32, 39 , and 46 d post-hatch (dph; n ¼ 169, control group; n ¼ 195, medium CO 2 group; n ¼ 202, high CO 2 group). Otoliths from all the cod larval samples were extracted. For Atlantic herring, only otoliths from 25, 32, and 39-dph were processed (7-28 individuals per group and day; n ¼ 54, control group; n ¼ 58, medium CO 2 group; n ¼ 54, high CO 2 group). Atlantic herring larvae were 7 d younger than cod larvae because of differences in the main hatching date of the two species during the experiment. Immediately after sampling, calibrated pictures of larvae were taken and used to calculate standard length. The larvae were stored at 2808C and later freeze-dried to obtain the dry weights. The sagittal otoliths were then extracted taking into account the left and right sides and mounted on microscope slides using crystalbond TM 509. Each otolith was photographed using an Olympus BX61 compound microscope. The surface area and dimensions of each otolith were then measured from the pictures using ImageJ software.
It was hypothesized that changes in the carbonate chemistry of seawater, particularly the pH and the availability of carbonate and bicarbonate ions, will influence the precipitation of calcium carbonate into the otolith matrix. Under decreased seawater pH condition, fish regulates its internal carbonate chemistry (e.g. blood, plasma, intercellular spaces) to counteract the side effects of acidosis (Maneja et al., 2013) . The process might have direct or indirect Laboratory (lab), mesocosm (mes), or field; life history stage; otolith fluctuating asymmetry (OFA), and statistical model used (ANOVA, analysis of variance; GLMMs, generalized linear mixed models; LRT, likelihood ratio test). In bold, the stressor being tested against OFA; nested design by variables; data transformation before the statistical analysis; and results.
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CS 4. Red drum (Sciaenops ocellatus) larvae under ocean acidification conditions
Three batches of red drum eggs were collected from natural spawns from a single tank of broodstock at MSI. Initially, 1000 eggs were hatched and maintained in six cylinder-conical tanks of 100 l each, three of them at control CO 2 levels (400 matm) and three at 2100 matm of CO 2 . Carbon dioxide concentration in the tanks was stabilized by periodically injecting CO 2 from a cylinder connected via a solenoid valve controlled by an injection timer to the tanks. The pH of the tanks was measured several times per day (Accumet AR15, Fisher Scientific). Titratable alkalinity was measured twice per week in each tank (AS-ALK2, Apollo SciTech) and hence CO 2 levels were calculated using alkalinity and pH values (CO 2 calc software, Robbins et al., 2010) . Temperature and salinity were kept stable and equal in all the tanks by daily measurement and slight corrections in the heaters and the addition of distilled water. Larvae were fed following the institution's standard protocol for this species: first enriched rotifers (3 -12 dph), Artemia sp. nauplii, metanauplii (11 -22 dph), live prey were enriched using Algamac 3050 according to manufacturer's recommendations (Aquafauna Bio-Marine, Hawthrone, CA, USA), and finally commercial dry pellet diet (20 -23 dph; Otohime Reed Mariculture, Campbell, CA, USA). At 23 dph, larvae were euthanized (n ¼ 91, control group; n ¼ 97, high CO 2 group), photographs were taken for length measurement and otolith extraction was carried out under a binocular microscope (Olympus SZH). Otoliths were analysed using geometric morphometry, following the protocol published by Palmer et al. (2010) . The working hypothesis under this design was to test if high predicted levels of CO 2 in the future ocean will alter the otolith size as predicted by some studies (Checkley et al., 2009; Bignami et al., 2013) as well as the OFA levels.
CS 5. Red drum (Sciaenops ocellatus) larvae and juveniles under intraspecific competition
Red drum eggs were collected from natural spawns of captive broodstock at MSI. They were hatched in conical tanks and larvae were transferred at 2 dph to two, 265 l cylindrical tanks partially submerged in a 4500 l reservoir for controlling temperature, salinity, and nitrates/nitrites in a bigger closed recirculation system. Initial larval density was 50 larvae l
21
. The number of larvae was estimated every week to adjust the amount of feed, and the fish were fed 20% below the recommended protocol established for this species to induce competition. The feeding protocol was similar to the previous experiment (#4), but live prey were not enriched and fish were weaned onto commercial dry pellet feed of increasing particle size (Otohime Reed Mariculture). Larvae were sampled at 21 (n ¼ 46) and 51 dph (n ¼ 67), euthanized, and photographed for length measurements. Pairs of sagittal otoliths were extracted and analysed using geometric morphometry, as described above.
The purpose of this experiment was to test if OFA was reduced under increased intraspecific competition. If those individuals that have a higher fitness are those that survive, the degree of OFA in the late sampling (51 dph) should be lower than in the first sampling (21 dph) reflecting selection towards the well-faring individuals. In addition, bigger individuals should have less OFA and smaller and weak individuals should display higher OFA in their otoliths.
CS 6. Meagre (Argyrosomus regius) larvae under normal culture conditions
Meagre eggs were obtained at the LIMIA by using Ovaprim hormone (Syndel Inc., Vancouver, Canada) to induce a male and female to spawn, since this species does not spawn naturally in captivity. Eggs were incubated at 18.58C in conical hatching tanks and after 3 d gently transferred into 1200 l tanks at a density of 50 larvae l 21 . Temperature, feeding, and maintenance of the tanks followed established protocol for this species (Gil et al., 2014) . Larvae were sampled at 22 dph (n ¼ 27) and frozen with liquid nitrogen. Dry weight (24 h drying at 608C) was used as a measure of larval size. Sagittal otoliths were extracted after rehydrating the dry larvae under a stereoscopic microscope (Leica MZ16). Otoliths were mounted on microscope slides and photographed three times each (Camera Leica DC300) to specifically account for observational error. Otolith shape was measured with geometric morphometry landmarks and daily growth increments were calculated from these otoliths. Two growth estimates were calculated from daily growth marks on the otoliths, otolith core growth (GIcore) from the first five daily growth marks, and otolith edge growth (GIedge; five last daily growth marks). In addition, the mean centroid size (CS) of R plus L otoliths was calculated.
This experimental design tested whether OFA was higher in individuals with slower growth rates, meaning that individuals with faster growth would have more symmetrical otoliths and potentially relating OFA with survival of the bigger individuals.
CS 7. Meagre (Argyrosomus regius) juveniles under three different quantities of feed
A total of 60 juveniles, 5 months old (wet TW ¼ 83.7 + 24.5 g and TL ¼ 19.5 + 1.9 cm), were distributed in a 10 000 l tank divided in six sections (10 fish per group) at the LIMIA. The tank circulation was open, and the water temperature was maintained at 18.0 + 1.38C with a heating system. The fish were subjected to three different treatments over 4 months (112 d): control, starvation, and low diet, with two replicates for each treatment. Control fish were fed daily with fresh fish (until satiation) and the starved fish were not fed throughout the experiment. Low-diet fish were fed once a week. At the end of the experiment, fish were sacrificed and sagittal otoliths were extracted (n ¼ 12, control; n ¼ 19, low diet; n ¼ 18, starvation). Otoliths were photographed, always oriented in the same direction, using a digital camera (Leica DC300) attached to a stereoscopic microscope (Leica MZ16). The outline of the otoliths was extracted and geometric morphometry analysis was performed to calculate the OFA. The hypothesis of the experiment was that well-fed fish should have more symmetrical otoliths than fish fed once a week and/or unfed fish. . This density is below the commercial densities used and allows for better water quality and welfare of the individuals. Three of the tanks were subjected daily to the presence of an olfactory stimulus of predators. This was achieved by freezing water with predator Page 4 of 11
and prey smell following (Stabell and Lwin, 1997) and introducing one of these ice cubes each day into the tank while closing the open flow system. Control seawater ice-cubes were introduced in the remaining tanks as well. Fish were sampled three times: at the start of the experiment and after 1 month of treatment. The experiment continued for another month without treatment and fish were sampled again after this last month (n ¼ 90, control; n ¼ 90, treatment). Individuals were measured and weighed and sagittal otoliths were extracted and photographed (Leica MZ16 stereomicroscope equipped with Leica DC 300 camera). OFAwas estimated using geometric morphometry. This experiment tested two hypotheses: the predatory stimulus may induce developmental instability and this should be reflected in the amount of OFA; fast growers/bigger individuals should have less OFA than smaller ones.
CS 9. Painted comber (Serranus scriba) along a fishing pressure gradient
Recreational fishing on Serranus scriba, a small serranid in the Mediterranean Sea caused downsizing of adults and depleted abundances (Aló s et al., 2014). Two populations were analysed. The first sample was composed by 62 individuals of 137.7 + 15.6 mm and age 4 + 0.8 years, sampled at the National Park of Cabrera (declared a no-take marine protected area in 1991) which renders a unique unexploited and control population of S. scriba (Francour et al., 2001 ). The second sample was composed by 29 individuals of 141.2 + 17 mm of fish size and 3.52 + 0.74 years, sampled at Palma Bay, the most important area for recreational fishery in the Balearic Islands (Morales-Nin et al., 2005). All individuals were sampled using conventional recreational angling gear in similar environmental conditions in terms of depth and Posidonia oceanica seagrass habitat. Sagittal pair of otoliths was extracted after euthanization and photographed. Geometric morphometry analysis was performed on their outline to calculate the OFA. We hypothesized that OFA should be higher from Palma Bay samples than National Park of Cabrera samples responding to the stress imposed by high fishing pressure (Aló s et al., 2014).
CS 10. Atlantic menhaden (Brevoortia tyrannus) along a migratory corridor
Adult menhaden spawn in the continental shelf waters off the US east coast and larvae are transported to estuarine nursery locations (Nicholson, 1978) . The estuarine waters of Chesapeake Bay are the primary nursery for the largest fraction of juvenile recruits in the adult population (Ahrenholz et al., 1987; Ahrenholz, 1991) . Juvenile menhaden were collected from three sites nested within each of three locations in Chesapeake Bay. These three locations were varying distances from the natal source and are, respectively, designated as upper (n ¼ 36), middle (n ¼ 37), and lower (n ¼ 30) Chesapeake Bay. Further, these three locations are located along a salinity gradient that transitions from high salinity waters ( 25 psu) at the lower Bay locations to low salinity (,2 psu) locations in the upper Bay collection sites. Upon collection, menhaden were immediately placed on ice and later frozen in the laboratory. Sagittal otoliths were extracted and cleaned of tissue under a compound microscope. Both the left and right sagittal otolith was photographed and the outline was extracted following Palmer et al. (2010) .
The hypothesis under consideration was that OFA would decrease with increasing distance from source locations and with decreasing salinity. Further, many estuarine-dependent species have been shown to be structured along salinity gradients (Friedland et al., 1996; Ross, 2003; Schaffler et al., 2013) . We expected to see the greatest OFA in individuals from the lower Chesapeake Bay because of its closer proximity to the natal source and the least OFA in individuals from the upper Chesapeake Bay because of its greater distance from the natal source.
CS 11. Atlantic menhaden (Brevoortia tyrannus) during an algal bloom
The lower Chesapeake Bay has been plagued by re-occurring blooms of a dinoflagellate (Cochlodinium polykrikoides) which is caused by excessive urban run-off and the subsequent higher nutrient loading (Mulholland et al., 2009) . These harmful algal blooms (HABs) occur in productive menhaden nurseries and have the potential to displace juvenile menhaden into less productive habitats or interfer with their foraging by clogging their gillrakers. Juvenile menhaden were collected before the onset of a HAB (n ¼ 9), during the period of maximal HAB extent (n ¼ 10), and after the HAB had subsided (n ¼ 10). The same collection and analysis protocols were followed as in the previous menhaden case study (10) .
The hypothesis under consideration was that OFA would decrease after exposure to the HAB. Two mechanisms, direct exposure to the HAB and subsequent reduced feeding ability or indirectly being forced into suboptimal habitat, were believed to negatively impact juvenile menhaden in the lower Chesapeake Bay. Consequently, only menhaden above a threshold fitness level were expected to be seen after the HAB and thus OFA was expected to be less in this group than in menhaden seen before or during the HAB.
Statistical analysis
As a direct consequence of the differences among the experiments and observations presented in these CS, the methods for analysing the different datasets are diverse, but still comparable. Always, we used absolute values of OFA instead of signed values (R or L otolith) to ensure non-directional asymmetry or clear antisymmetry, assuring unimodal, centred OFA distributions. Statistical analysis was maintained as consistent as possible for all datasets, as follows. All statistical analyses were performed using the R software (www.r-project.org). ANOVA was performed for studies that employed factorial designs, after successfully satisfying the assumptions of normality (Shapiro-Wilk test) and homogeneity of variance (Levene test). For experiments that did not satisfy these assumptions, logarithmic transformation was checked first, and if deviation persisted, Box -Cox transformation (as implemented in the boxcox function of the MASS library; Venables and Ripley, 2002) was applied. Residuals remained non-normal even after applying this sequence of transformations for only one case study (#1). For that study, a Monte-Carlo randomization test (Manly, 1991) was applied using the shuffle function of the permute library (Simpson, 2014) . For nested factorial designs, data were first fitted to two generalized linear mixed models (GLMMs; including or not the variable of interest) using the function lmer from the lme4 library (Douglas et al., 2014) . These two models were then compared using a likelihood ratio test. Finally, in CS #6, the variables of interest were not categorical, but continuous (growth rate), thus linear regression models were fitted.
Geometric morphometry was used for describing otolith shape in 8 of the 11 CS. In those cases, otolith outlines were analysed using several functions implemented in the geomorph library (Adams and Otárola-Castillo, 2013) to produce a vector of shape descriptors. Two replicates of the same otolith were produced (i.e. four replicates per fish), which allowed application of the interaction model described by Palmer and Strobeck (1986) . According to this
Otolith fluctuating asymmetry MANOVA model, side was considered as a fixed factor, individual was a random factor, and the size×individual interaction represented OFA. In those eight CS, the procedures detailed above were only applied after OFA was compared statistically (and found to be significantly different) against measurement error. MANOVAs were computed using the rda function of the vegan library (Oksanen et al., 2013) . An example of the customized R code used in the analyses can be consulted as Supplementary material.
Results
Independently of the method used in the evaluation of the OFA (otolith mass asymmetry, otolith area asymmetry, and geometric morphometric analysis of the otolith asymmetry), the analyses did not provide evidence for supporting the general hypothesis that OFA can be used as a tool for detecting an a priori assumed level of stress. In this section, we detail the case study-specific results.
For CS 1 (Atlantic croaker under three different diets), the only case study that measured asymmetry of otolith mass, no significant differences were found in the degree of otolith asymmetry (unsigned mass FA) between the diets (Table 1; Figure 1 ). For those studies that measured asymmetry in otolith area (CS 2 and 3, cod and herring larvae), there was no significant effect of either medium or high levels of carbon dioxide on the OFA (Table 1; Figure 2 ). However, there was a significant effect of the same stressor (CO 2 ) on growth and otolith size in cod (see Maneja et al., 2013 , for further details).
Landmark-based analysis of otolith shape using geometric morphometry was used in the rest of the experiments. In CS 4 (red drum under ocean acidification), although the higher level of CO 2 in the treatment did affect growth of the larvae [reduced standard length; Kruskal -Wallis test,
.001], the OFA was not significantly influenced by the ocean acidification treatment (Table 1; Figure 3) .
In CS 6, none of the growth estimates that were calculated from the otolith core (GIcore), the otolith edge (GIedge), or the mean CS was significantly correlated with OFA (Table 1; Figure 3 presents OFA vs. GIedge; similar scattered patterns were observed for GIcore and CS). The remaining experiments had no extra features to be addressed and are summarized in Table 1 and Figure 3 , CS 5, 7, 8, 9, 10, and 11.
Discussion
In this study, we provide evidence for a general lack of support for the hypothesized relationship between OFA and the commonly used indicators of individual fitness for a suite of experiments. The idea of OFA has been widely used as a proxy for fitness, since Somarakis et al. (1997b) suggested its potential use as a measurement of physiological condition. OFA is extremely appealing and easy to implement, and it has been demonstrated to vary among populations (Palmer et al., 2010) and therefore has potential usefulness for fisheries assessment. OFA has been used as an indicator of life history changes (e.g. settlement; Arneri and Morales-Nin, 2000) , for evaluating stress related with the effect of different environmental factors (Franco et al., 2002) , cohort variability and productivity (Somarakis et al., 1997a) , decreasing recruitment success in larval coral fish (Gagliano et al., 2008; Lemberget and McCormick, 2009 ), or population responses to extreme stressors (e.g. starvation; Grønkjaer and Sand, 2003) . However, some studies have published non-significant relationships between OFA and a stressor, usually as an extra result accompanying some other, more striking results (Folkvord et al., 2000; Munday et al., 2011a; Maneja et al., 2013) . Fewer works publish the lack of differences of OFA among . Absolute otolith FA levels (unsigned asymmetry) for the CS 4-11 measured through geometric morphometrics. Hypotheses tested include CO 2 effects in red drum larvae (CS 4), differential survival vs. OFA in larvae and juveniles of red drum (CS 5) or larval meagre (CS 6), effects of food levels on juvenile meagre (CS 7), effect of predator odour on OFA of juvenile sea bream (CS 8), effect of fishing gradient on adult painted comber OFA (CS 9), and effect of river area (CS 10) or HABs (CS 11) on juvenile Atlantic menhaden. Results summarized in Table 1 .
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Page 7 of 11 populations (Kristoffersen and Magoulas, 2009) or the lack of correlation between OFA and stressors like high temperatures (Novak et al., 2013) . Therefore, scarce previous literature coupled with the unpublished data reported here suggests a potential bias in the published literature in favour of significant relationship between OFA and fitness.
We suggest four explanations for the widespread lack of relationships between OFA and measures of fitness that stem from our results and from previous literature on OFA. First, the large amount of non-significant results we found may be due to a lack of precision in the measurements of OFA. Moreover, we provide here three different methods for estimating OFA: mass asymmetry (CS 1), area (CS 2 and 3), and geometric morphometrics (CS 4 -11); which can be susceptible to bias due to the technological limitations of the microscopes or other instrumentation used. In fact, since OFA is observed at small scales (often the measurements are made close to the resolution of the optical microscope), we might not be detecting FA when it exists (i.e. the deviations from perfect symmetry are smaller than the measurement error). Assuming that FA existed, that problem may further vary in importance depending on the size of the otolith (from 10s to 100s of microns for larvae, as in CS 2 and 3, to several millimetres for adults, CS 7 or 9), species (pelagic as in CS 3, 10, and 11 or demersal as in CS 8), technique used, and a posteriori image processing. Among our CS, we specifically tested for the measurement error (two photographs per otolith or even three in CS 6), but it is not the general case. The technological development of the image acquisition devices, image processing, and shape analysis algorithms is challenging and continuously improving. However, for future studies, we strongly recommend understanding the sources of measurement error, in terms of first, increase the minimum sample size, both in total number of individuals and samples per individual (true replicates, i.e. number of OFA estimates per individual); second, selecting the highest number of analysed traits (multivariate, e.g. shape analyses should be preferred against univariate analyses); and third, fix the scale and processing protocols for a given range of sizes, so the magnification of the pictures to be processed does not vary with age, or if it does, include an explicit analysis of this measurement error. Concerning statistical analysis, the interaction model (Palmer and Strobeck, 1986; Palmer et al., 2010) or other models that disentangle FA from measurement error should be preferred.
Nevertheless, negative results may reflect true lack of differences in OFA or type 2 error (failure to detect an effect that is present) which would emerge from both small effect size and small sample size. Therefore, maximizing sample size is always advisable. Certainly, sample sizes of two of the CS (7 and 11) were modest (10-20 fish per group), but in other cases, sample size seems not to be a concern (e.g. more than 100 fish per group in CS 4). Obviously, to detect tiny effects of a stressor on OFA will demand huge sample size, but to measure OFA in, for example, thousands of fish per treatment may limit the practical applicability of OFA.
The second issue that could also obscure the relationship between OFA and stress may be an inadequate knowledge of the biological processes and correlations with environmental variables governing the otolith formation. The otolith is an inert structure that accrues protein and calcium carbonate (normally aragonite, see Wright et al., 2002) at a rate that varies with species, metabolic rate (correlated with temperature and life-stage), food supply, and ambient ions concentrations (Campana, 1999) . Some authors have used the OFA concept based on the assumption that it would be greater in individuals growing suboptimally as they are experiencing stressful conditions (e.g. Grønkjaer and Sand, 2003) . However, in our CS 1 (Atlantic croaker), the high and medium protein and lipid diet groups exhibited faster growth but, unexpectedly, highest levels of OFA. Therefore, there is not a solid understanding on how reduced metabolism (or up-regulated metabolic pathways) might affect OFA. This is partly linked to our lack of knowledge of the importance of maintaining high otolith symmetry at different life-stages. Attaining the fastest growth during early stages has been theorized to support higher survival probabilities (bigger-is-better hypothesis Anderson, 1988; Bailey and Houde, 1989; Houde, 1989) , and there is no evidence that it should be detrimental to have impaired otolith growth while maintaining fast somatic growth (e.g. by investing all the energy in optimal regulation of tissue growth at the expense of ion balancing in the endolymph surrounding the otolith; Payan et al., 1998) . For example, we did not find a relation between OFA and somatic growth (as total length and three different otolith growth indices) in CS 6. Moreover, in CS 5, the levels of OFA of the remaining individuals after intraspecific competition period (54 dph) were equal to the levels of OFA at the beginning of the experiment (21 dph), despite expecting lower OFA levels in the survivors. Additionally, the survival of adult fish with abnormal and asymmetrical otoliths produced by calcite (Morales-Nin, 1985) or vaterite precipitation (Tomas and Geffen, 2003) provides direct evidence of an unclear relationship between OFA and mortality. Therefore, basic knowledge on the meaning and consequences of OFA is needed before generalizing the use of OFA as a proxy for fitness.
Even in the case that OFAwas detectable and responds in the predicted direction, a third issue is what can be considered an exogenous stressor (Allenbach, 2010) . Linking a stressor to a change in OFA requires a mechanistic understanding between the driver and the response. For example, minimizing the asymmetry in a pair of otoliths enhances their acoustic functionality (Edds-Walton and Fay, 2002; Lychakov et al., 2006) and this can be seen in the recruitment success of larval reef fish that was strongly diminished in larvae with higher OFA, since otoliths play a key role in their ability to detect sounds from coral reefs that induce directional swimming on this species (Gagliano et al., 2008) . But this relationship is not always that clear. Assuming that only correlational evidence was available (e.g. significant variation in OFA in samples within and outside a marine protected area as described in CS 9), it is not clear what the stressor might be. In CS 9, fishing pressure through angling is likely to generate stress and differences in the remaining individuals since there is selective removal (Aló s et al., 2014) . However, ever since recreational fisheries were abandoned in the National Park of Cabrera (Balearic Archipelago, Mediterranean Sea, Spain), top-predator species and potential predators of small individuals of S. scriba have increased notably in abundance (e.g. Epinephelus marginatus Reñones et al., 1999) . Both stressors, recreational angling, and predation risk may have confounding effects because they act in the same direction of selection producing similar levels of OFA and, therefore failing to attribute them to the initially hypothesized stressor.
The fourth cause of the lack of significant relationships between OFA and fitness could be related to experimental design. There is some evidence for a lack of relationship in laboratory conditions (e.g. Munday et al., 2011a, or CS 4 and 5) . Laboratory conditions can be beneficial for the individuals (controlled temperature, salinity, ad libitum diet) even in the presence of some kind of stressor (for instance, ocean acidification as in CS 4). Under these conditions, expression of the relationship between OFA and the stressor could be difficult to detect. However, among our CS, we also include experiments performed in mesocosm (with the same stressor, ocean acidification CS 2 and 3) subject to daily variations which are more representative of the natural processes. However, no differences were found in this design either. Going further, we also included field data from natural populations, CS 9, 10, and 11, none of which exhibited the hypothesized relationship between OFA and fitness. One of the causes that may contribute to the abundant negative results is the high natural mortality observed in the early life stages of fish (Bailey and Houde, 1989) . Sampling usually occurs after this period of high natural mortality which may have already removed the more asymmetrical individuals (Downhower et al., 1990; Gagliano et al., 2008) , thus the observer may be skipping the correct temporal window to link OFA to fitness. However, as shown in some experiments (e.g. CS 2 and 3), even observing at those scales may produce non-significant results. Individuals sampled from the field may have been already biased by this fact, since individuals with larger OFA are no longer available, thus potentially reducing the amount of variability present in OFA levels within different sampling locations and/or time (as may have happened in case study 10). We strongly recommend researchers take special care in the experimental design to reduce these issues through including a careful selection of the stressor and control all other potentially confounding variables and improving the sampling scheme to accurately include this early life temporal window, and if possible include the corpses of naturally dead individuals, to have a representative sample of the entire population.
Our results suggest that the application of OFA to assess fitness is not generally supported (Allenbach, 2010) . This suggests a potential publication bias that should be mitigated by journals being more receptive to publishing negative results, especially when new scientific ideas or techniques arise (Jennions and Møller, 2002) . By failing to report non-significant results, a new technique cannot be fairly evaluated and the danger of technique over-rating is dramatically increased.
Finally, we do believe that otolith FA can be used if certain assumptions are met, but it should not be applied generally without careful consideration. New laboratory-based studies are needed to improve knowledge of the physiological mechanisms that produce changes in OFA. This might yield insight into the potential types and levels of stressors that can produce OFA, which is the best way to generate reasonable and testable hypotheses.
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